In order to understand the molecular mechanisms underlying circulative transmission of potato leafroll virus (PLRV) by aphids, we screened Myzus persicae proteins as putative PLRV binding molecules using a virus overlay assay of protein blots. In this way, we found that purified PLRV particles exhibited affinity for five aphid proteins. The one most readily detected has an M r of 63K, and was identified as symbionin. This is the predominant protein synthesized by the bacterial endosymbiont of the aphid and is released into the haemolymph. Since further studies clearly showed that PLRV particles also bind to native symbionin, it was envisaged that virus particles when acquired into the haemocoel of an aphid interact with symbionin. Inhibition of prokaryotic protein synthesis by feeding M.
Introduction
Potato leafroll virus (PLRV) is a single-stranded RNA virus that belongs to the luteovirus group (Waterhouse et al., 1988) . Members of this group infect a wide range of mono-and dicotyledonous plants in which they replicate almost exclusively in the phloem tissue. Luteoviruses are transmitted by aphids in a circulative manner (Harrison, 1958; Sylvester, 1980) . Briefly, this means that virus particles are ingested along with phloem sap from infected host plants and transcellularly transported through the hindgut into the haemocoel. The acquired virus particles are retained in an infective form in the haemolymph for the lifespan of the aphid, apparently without replication (Eskandari et al., 1979) . Upon contacting the accessory salivery glands, they may be transported through this gland, eventually arriving in the salivary duct from which they are excreted with the saliva when the aphid feeds (Gildow & Gray, 1993) . Luteoviruses display a high degree of vector specificity among aphid species. These well-developed specificities suggest an intimate association between a luteovirus and its vectors in which both surface domains of the viral capsid and sites or substances in the aphid are involved (Gildow, 1987) . The role of the viral capsid in conferring aphid transmissibility to a luteovirus has been convincingly demonstrated (Rochow, 1970 (Rochow, , 1982 . However, aphidderived components suggested to be involved in virus transmission have not yet been identified. Therefore, the main objective of our work was to detect these components and to determine their role in virus transmission. To this end we developed an immunoblotbased virus overlay assay to ascertain whether particles of PLRV bind to proteinaceous components from PLRV's major aphid vector, Myzus persicae.
Methods
Viruses and antibodies. PLRV-Wageningen (Van der Wilk et al., 1989) was maintained on Physalis floridana as previously described . Beet western yellows virus (BWYV) was provided by Dr V. Brault (Institut de Biologic Mol6culaire des Plantes du CNRS, Strasbourg, France) and transferred to P.floridana by M. persieae. Both viruses were purified from leaf material by a modified enzyme-assisted procedure . Purified virus suspensions of blackeye cowpea mosaic virus (BICMV), tomato spotted wilt virus (TSWV), cowpea mosaic virus (CPMV) and beet necrotic yellow vein virus (BNYVV), together with their respective antibodies, were generously provided by colleagues at the Department of Virology, Wageningen Agricultural University (WAU) and IPO-DLO. Anti-idiotypic antibodies (AiAbs) were raised to PLRV-specific MAbs (monoclonal antibodies) by injecting rabbits three times at biweekly intervals with 1 mg of partially purified MAbs derived from mouse ascitic fluids. Antibodies against non-idiotypic sites of the MAbs were removed from the rabbit sera by incubating with mouse anti-thyroglobulin antibodies and subsequent centrifugation essentially following Hu & Rochow (1988) .
Aphids and other vectors of plant viruses. M. persicae biotype WMp2 was reared on Brassica napus L. subsp, oleifera (oilseed rape) in a greenhouse compartment at 20-t-3 °C with a photoperiod of 16 h/day. Cohorts of mymphs differing in age by 24 h were produced by daily transfer of mature apterae to fresh plants ( Van den Heuvel & Peters, 1989 One-dimensional gel electrophoresis and protein blotting. Whole-body homogenates of insects were prepared in Laemmli (1970) buffer (35 mg wet wt/ml) and subjected to SDS-PAGE. After electrophoresis, proteins were either stained with Coomassie Brilliant Blue (CBB) or transferred onto nitrocellulose following Towbin et al. (1979) for 2 h at 110 V at 4 °C. Blotted proteins were stained with 0.5 % (w/v) Ponceau S in 5 % (v/v) acetic acid and their location marked. Stain was removed by washing the membranes in phosphate-buffered saline, pH 7.4 (PBS; 2 mM-KH2POa, 8 mM-Na2HPO4, 0.14 M-NaC1, 2 mM-KCI). Unoccupied spaces on the membranes were blocked with 5 % (w/v) skimmed milk powder in PBS containing 0.05 % Tween 20 (PBS-Tween) for 1 h at room temperature.
Two-dimensional gel electrophoresis. The isoelectric focusing (IEF) dimension was done according to O'Farrell (1975) using a MiniProtean II tube cell (Bio-Rad). The gel monomer solution consisted of 2% (v/v) pH 3-5-10 1809 ampholine (Pharmacia LKB), 9-2 M-urea, 4 %/0"72 % (v/v) acrylamide/bis, 2 % (v/v) Triton X-100, 0.01% (v/v) ammonium persulphate and 0" 1% (v/v) TEMED. Tube gels were preelectrophoresed by running at 200, 300 and 400 V for 10, 15 and 15 min, respectively, using 20 mM-NaOH for upper chamber buffer and 10 mM-H3PO 4 for lower chamber buffer. Then, samples consisting of 35 mg (wet wt) M. persicae nymphs per ml IEF-sample buffer [2% (v/v) pH 3-5-10 1809 ampholine, 9-5 M-urea, 2% (v/v) Triton X-100, 5 % (v/v) fl-mercaptoethanol] were loaded in 50 gl aliquots onto the tube gels and run for 3.5 h at 750 V. The IEF gels were equilibrated in SDS-sample buffer for 5 min at room temperature. In the second dimension, proteins were separated according to molecular mass, blotted and blocked as described above.
Virus overlay assay and immunodetection. Aphid proteins were tested for specific affinity for PLRV by incubating blots with purified PLRV particles (10 lag/ml) or PLRV-specific AiAbs (1 gg/ml) in PBS Tween containing 2% polyvinylpyrrolidone and 0.2% ovalbumin. This was followed by adding alkaline phosphatase-conjugated anti-PLRV antibodies or goat anti-rabbit secondary antibodies, respectively. Immobilized conjugates were visualized by the addition of 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt and nitroblue tetrazolium chloride in 0.1 M-ethanolamine-HC1, pH 9"6, containing 4 mr~-MgC12.
Localization studies. One-day-old M. persicae nymphs were fixed overnight in 0-1 M-cacodylate buffer, pH 7.2, containing 4% (v/v) paraformaldehyde and 0.1% (v/v) glutaraldehyde, dehydrated, and then embedded (Van Lent et al., 1990) in LR Gold. Ultrathin sections mounted on nickel grids were labelled with 2.5 lag AiAbs per ml PBS for 3 h at room temperature followed by a 1-5 h exposure to goat antirabbit antibodies linked to gold particles (10 mm diameter). Sections were stained with 2 % (w/v) uranyl acetate and lead citrate (Reynolds, 1963) and examined using a Philips CM12 electron microscope.
Transmission of PLR V and B WYV by aphids treated with antibiotics.
One-day-old M. persicae nymphs were fed for 1 day on artificial diet MP148 (Harrewijn, 1983) containing 50 gg/ml tetracycline. HC1 (Tc). Subsequently, cohorts of Tc-treated nymphs and control nymphs not subjected to the antibiotic were fed for 24 h on MP148 with 10 lag purified PLRV/ml. Afterwards, the nymphs were individually transferred to P. floridana seedlings to test their ability to transmit PLRV ( . Thirty nymphs were used per treatment. Haemolymph of Tc-treated and control aphids was collected, separated by SDS~PAGE, transferred to nitrocellulose and probed with alkaline phosphatase-conjugated anti-symbionin (p63) antibodies. Homogenates of Tc-treated and control nymphs that acquired PLRV were separated by SDS PAGE and blotted onto nitrocellulose after which virion-associated proteins were detected by alkaline phosphatase-conjugated anti-PLRV antibodies.
Isolation of p63 from aphids and antiserum production. Isolation of p63 from M. persicae was accomplished by triturating nymphs in PBS containing 1 mM-phenylmethylsulphonyl fluoride and 0.5 % Triton X-100. The homogenate was then centrifuged at 10000 r.p.m, for 15 min at 4 °C and polyethylene glycol 6000 was added to the supernatant to a final concentration of 8 % (w/v). After incubation on ice for 1 h, the suspension was centrifuged at 10000 r.p.m, for 15 rain at 4 °C, and the pellet was resuspended in PBS overnight at 4 °C. The proteins in the soluble fraction were resolved by SDS-PAGE and p63 was excised. It was electro-eluted from gel slices and subjected to N-terminal amino acid sequencing. Samples (50 lag) of purified p63, emulsified in Freund's incomplete adjuvant, were injected into a rabbit at days 1 and 26 for antiserum production. The rabbit was bled 2 weeks later.
Results

Affinity of PLR V particles for aphid proteins
To ascertain whether binding of PLRV particles to immobilized aphid proteins would occur, a virus overlay assay was developed. To this end, whole-body extracts of 1-day-old M. persicae nymphs, homogenized in IEFsample buffer were separated by two-dimensional SDS-PAGE (Fig. 1 a) after which the proteins were blotted to nitrocellulose and probed with purified PLRV. Five aphid proteins that displayed a virus-binding capacity were resolved; their relative molecular masses (Mr) were approximately, 84, 78, 63, 50 and 49K (Fig. 1 b) . The identity and possible role in PLRV transmission of the most abundant protein, of Mr 63K (p63) with isoelectric point (pI) between 5.8 and 6"0, was further investigated. This protein also was the only one revealed by AiAbs raised to the MAbs WAU-A5 (Fig. 1 c) (AiAb #5) and WAU-A6 (AiAb #6; not shown). These AiAbs mimic topologically closely related surface epitopes of the viral capsid of PLRV (Van den Heuvel et al., 1990). p63 was abundantly present in whole-body homogenates of M. persicae nymphs and was easily identified on CBB stained gels (Fig. 1 a) . The specificity of the interaction between p63 and PLRV was tested by a virus overlay assay in which whole-body proteins of B. tabaci and F. occidentalis, which transmit geminiviruses and tospoviruses, respectively, in a circulative manner, were incubated with 10 gg/ml purified PLRV. In homogenates of these insects several molecules were found that strongly cross-reacted with the antiserum to p63 (Fig. 2 c,  lanes 2 and 3) , but none of these proteins bound PLRV particles (Fig. 2a) or were detected by AiAb #5 (Fig. 2b) 
Localization and characterization of p63 from M. persicae
Immunogold-labelling experiments on ultrathin sections o f M. persicae using AiAb #5 showed that the antibody tagged specifically the cytoplasm of the primary bacterial endosymbiont o f the aphid (Fig. 3a) . These Gramnegative bacteria belong to the genus Buchnera and are distantly related to Escherichia coli (Unterman et al., 1989) . They are harboured in the haemocoel of the aphid within host-derived membrane vesicles by specialized polyploid cells called mycetocytes (Fig. 3b) . In vivo radiolabelling studies o f endosymbiont proteins in A. pisum have shown that a single protein is synthesized almost exclusively; this protein has an Mr o f 63K, and was tentatively named symbionin (Ishikawa, 1982) . To assess whether p63 from M. persicae is symbionin, it was 
isolated from aphid extracts and subjected to Edman degradation. The N-terminal 35 amino acid sequence of p63 was aligned with that of symbionin (Hara et aI., 1990) and a 100 % homology at this level was observed (Table 1 ). In addition, comparative Western blot analysis of separated aphid proteins and immunogold-labelling studies on ultrathin sections of M. persicae using AiAb #5, the antiserum to p63 and an antiserum raised to symbionin from A. pisum all gave similar results. We therefore concluded that p63 of M. persicae is symbionin (MpSym). Symbionin-like molecules are found in all major aphid groups except the Phylloxeridae (Buchner, 1965) , and are immunologically closely related to each other (Fukatsu & Ishikawa, 1993) and to the E. coli heat shock protein GroEL, a member of the chaperonin-60 family (Ohtaka et al., 1992) showed that PLRV particles displayed a high affinity for symbionin-like molecules present in all of these aphid species as well (not shown).
To investigate whether MpSym is also present in the haemolymph of aphids, 1 day-old M. persicae nymphs which had fed for 1 day on MP148 were submerged in PBS and the top of a cornicle removed after which haemolymph exuded. In this way samples containing the exudate of four nymphs in 20 ~tl PBS were prepared and subjected to SDS PAGE and Western blotting. MpSym was readily detected using the anti-p63 serum on Western blots (see Fig. 5 a) . Light microscope examination of the exudate revealed that it was free of bacteria or other cells, indicating that MpSym is released from the endosymbiotic bacteria into the haemolymph.
To test whether PLRV particles bind to native MpSym, we used an ELISA-based binding assay. In this assay, native MpSym was immuno-captured by the antip63 antiserum preceding virus incubation. MpSym was derived either from homogenates of M. persicae nymphs in PBS-Tween (100rag wet wt/ml) or haemolymph exudates. Afterwards, purified PLRV and other vectorborne viruses at 10 pg/ml PBS-Tween were added to the wells and incubated overnight at 4 °C, after which virus binding to MpSym was detected by the homologous antibodies conjugated to alkaline phosphatase. AiAbs #5 or #6 could not be used to catch MpSym since their binding sites mimic surface epitopes of the viral capsid and would therefore be recognized by the antiserum to PLRV. The results of the ELISA-based binding assay clearly demonstrated specific binding of PLRV and BWYV particles to native MpSym (Fig. 4 ). The other viruses tested did not display affinity for MpSym. Haemolymph-derived MpSym gave similar results in binding PLRV, indicating that virus particles present in the haemocoel of an aphid may interact with MpSym.
Role of p63 in the transmission of P L R V and B W Y V
To investigate the role of the endosymbiont-derived MpSym in PLRV transmission we subjected M. persicae nymphs to a 1 day Tc-treatment prior to virus acquisition. Immediately after the Tc-treatment, haemolymph was sampled from the aphids as described above, and subjected to PAGE. Western blot analysis of the haemolymph samples, using the anti-p63 antiserum, revealed that the antibiotic treatment eliminated p63 from the haemolymph (Fig. 5 a) due to the inhibition of prokaryotic protein synthesis. The antibiotic treatment hardly affected the feeding behaviour of the aphids, as assessed by recording honeydew excretion during the experimental period (Van den Heuvel & Peters, 1990).
However, virus transmission by the Tc-treated aphids was reduced by more than 70 % (Fig. 5b ) as compared to the control group of aphids: 29/30 test plants were infected by the control group of aphids whereas the Tctreated aphids infected only 7/30 plants. Also, BWYV transmission by aphids that had fed on Tc was strongly affected. Transmission of the virus was abolished after M. persicae nymphs had fed for 24h on MP148 containing 7-5 pg/ml BWYV in the presence of Tc (50 ~g/ml); control aphids which fed on the virus only infected 19/30 P. floridana seedlings. The fate of the PLRV particles present in haemolymph was investigated by transferring both Tc-treated and untreated aphids to fresh MP148 after virus acquisition for a period of 6 h. This was done to remove virus particles from the alimentary canal of the aphid. Wholebody homogenates were then made and subjected to PAGE. Immunoblots showed that the major coat protein species of PLRV (PLRV cp; M r 23K) could not be detected in antibiotic-treated aphids (Fig. 5c) . The degradation of PLRV cp is thought to result in increased exposure of viral RNA to enzymic breakdown and concomitant loss of infectivity. Strikingly, the other virion-associated structural protein (the truncated readthrough protein of PLRV; M r 56K) (Bahner et al., 1990; Van den Heuvel et al., 1993) , was still present in amounts similar to those in the control group of aphids not treated with the antibiotic (Fig. 5c ). Its structural conformation or possible association with aphid-derived components may have rendered it resistant to proteolysis. Results similar to those described for Tc were also observed with chlortetracycline and rifampicin (not shown). Aphids treated with spectinomycin transmitted PLRV as efficiently as those of the control group. Further analysis revealed that spectinomycin was not effective in interfering with protein synthesis by the endosymbiont, since MpSym was readily detected in haemolymph exudates of aphids treated with this antibiotic.
Discussion
Many viruses infecting plants or vertebrates are transmitted by arthropod vectors in a circulative manner (Sylvester, 1980; Hardy et al., 1983; Ammar, 1993) . This requires the virus to cross epithelial cells of the gut and salivary glands, and to resist the potentially hostile environment of the vector in which they may replicate. Fundamental knowledge regarding the strategies adopted by these persistent viruses to overcome the transmission barriers mentioned is surprisingly meagre. As a prelude to understanding the molecular mechanisms underlying circulative virus transmission, we have screened M. persicae proteins as putative PLRV binding molecules using a virus overlay assay of protein blots (Fig. 1) . In this way we were able to establish that purified PLRV particles show a high affinity for symbionin, a prokaryotic protein produced by the bacterial endosymbiont of the aphid (Ishikawa, 1982) . Feeding M. persicae on an artificial diet containing small quantities of antibiotics that interfere with prokaryotic protein synthesis demonstrated that the endosymbiotic bacteria do indeed play a crucial role in virus transmission; the virus was poorly transmitted by these antibiotic-treated aphids (Fig. 5b) . Based on the observation that PLRV cp could hardly be detected in antibiotic-treated aphids (Fig. 5 c) , we concluded that the endosymbionts are involved in determining the persistent nature of PLRV. We believe that symbionin is the key protein in preventing PLRV from being proteolytically degraded in the haemolymph of an aphid since purified PLRV particles display a high affinity for native MpSym (Fig. 4) and MpSym is readily detected in the haemolymph of aphids (Fig. 5 a) . It is therefore quite likely that, to persist in the aphid, PLRV particles suspended in the haemolymph (transiently) associate with MpSym. The absence of MpSym from the haemolymph of antibiotic-treated aphids leads to rapid proteolysis of PLRV cp (Fig. 5 c) and concomitant loss of infectivity. Alternatively, as surface domains on the PLRV capsid are important in recognition events between virus and vector, the loss of capsid integrity alone may hinder virus transport through the salivary gland of the aphid. Earlier work of Ishikawa (1982) on the protein synthesis of the primary endosymbiont of A. pisum revealed that symbionin is essential in maintaining the symbiotic relationship with the aphid. The protein synthesis of the endosymbionts is almost exclusively directed to symbionin when they are under genetic control of the host. A similar situation apparently applies to the endosymbiotic bacteria of M. persicae since CBB stained polyacrylamide gels of purified endosymbionts of M. persicae (not shown) and immunogold-labelling on ultrathin sections (Fig. 3) indicate that MpSym is abundantly present in their cytoplasm.
The PLRV-binding capacity was not solely restricted to symbionin from M. persicae. Symbionin-like proteins from a number of aphid species of the Aphidinae were also shown to bind the virus on immunoblots. Although most members of this subfamily have not been reported to transmit PLRV our finding is entirely consistent with the observation that nonvector aphids also can acquire and retain luteoviruses in their haemolymph (Rochow & Pang, 1961; Massalski & Harrison, 1987) . Vector specificity seems to be determined at the level of the accessory salivary gland (Gildow, 1987) .
In addition to the PLRV-binding capacity of symbionin, PLRV exhibited affinity for four other aphidderived proteins. Unfortunately, none of them was detected by any of the PLRV-specific AiAbs we used, so their location in the aphid could not be assessed in immunogold-labelling experiments. The fact, however, that they ocur in low quantities, may indicate a restriction to specific sites in the aphid. It is to be ascertained whether or not we are dealing with the receptor molecules, suggested to mediate vector-specific transmission (Gildow, 1987) . Based on ultrastructural studies of virions of barley yellow dwarf virus strains in vector and nonvector aphids, it was postulated that these putative receptor molecules are located in the basal lamina of the hindgut and of the accessory salivary gland. In addition to these transmission barriers, Gildow & Gray (1993) recently reported that the extracellular basal lamina surrounding the accessory salivary glands may possess a regulatory function in determining vector specificity of luteoviruses. The present finding that endosymbiotic bacteria are involved in the transmission of two other luteoviruses, PLRV and BWYV, further adds to the conceptual knowledge regarding circulative transmission of these viruses; it shows that the haemolymph of an aphid also acts as a transmission barrier.
As yet, it is not clear which of the virion-associated proteins of PLRV is responsible for the interaction with symbionin as purified MpSym did not bind to the denatured proteins on Western blots. The use of in vitro expressed PLRV cp and readthrough proteins, and mutational analysis of an infectious full-length cDNA clone of the virus will provide more insight in this matter.
Although the coexistence of symbiotic organisms in arthropods is well documented (e.g. Buchner, 1965; Houk, 1988; Ishikawa, 1989) , studies in which their ability to influence vector competence is reported are scarce (Nasu, 1965) . It is expected, however, that this field of research will become increasingly important in the near future, especially because modulation of these organisms opens up novel ways to prevent circulative transmission of a wide range of arthropod-borne diseases -not only by disturbing the interactions between endosymbiotic proteins and disease agents but particularly through the expression of recombinant proteins which interfere with particular phases of the infection cycle of viruses and parasites in their vectors.
